The cell number of the early Drosophila embryo is determined by exactly 13 rounds of synchronous nuclear divisions, allowing cellularization and formation of the embryonic epithelium [1] . The pause in G2 in cycle 14 is controlled by multiple pathways, such as activation of DNA repair checkpoint, progression through S phase, and inhibitory phosphorylation of Cdk1, involving the genes grapes, mei41, and wee1 [2] [3] [4] [5] [6] [7] [8] . In addition, degradation of maternal RNAs [9] and zygotic gene expression [10, 11] are involved. The zinc finger Vielfä ltig (Vfl) controls expression of many early zygotic genes [12, 13] , including the mitotic inhibitor frühstart [14, 15] . The functional relationship of these pathways and the mechanism for triggering the cell-cycle pause have remained unclear. Here, we show that a novel singlenucleotide mutation in the 3 0 UTR of the RNPII215 gene leads to a reduced number of nuclear divisions that is accompanied by premature transcription of early zygotic genes and cellularization. The reduced number of nuclear divisions in mutant embryos depends on the transcription factor Vfl and on zygotic gene expression, but not on grapes, the mitotic inhibitor Frü hstart, and the nucleocytoplasmic ratio. We propose that activation of zygotic gene expression is the trigger that determines the timely and concerted cell-cycle pause and cellularization.
Summary
The cell number of the early Drosophila embryo is determined by exactly 13 rounds of synchronous nuclear divisions, allowing cellularization and formation of the embryonic epithelium [1] . The pause in G2 in cycle 14 is controlled by multiple pathways, such as activation of DNA repair checkpoint, progression through S phase, and inhibitory phosphorylation of Cdk1, involving the genes grapes, mei41, and wee1 [2] [3] [4] [5] [6] [7] [8] . In addition, degradation of maternal RNAs [9] and zygotic gene expression [10, 11] are involved. The zinc finger Vielfä ltig (Vfl) controls expression of many early zygotic genes [12, 13] , including the mitotic inhibitor frühstart [14, 15] . The functional relationship of these pathways and the mechanism for triggering the cell-cycle pause have remained unclear. Here, we show that a novel singlenucleotide mutation in the 3 0 UTR of the RNPII215 gene leads to a reduced number of nuclear divisions that is accompanied by premature transcription of early zygotic genes and cellularization. The reduced number of nuclear divisions in mutant embryos depends on the transcription factor Vfl and on zygotic gene expression, but not on grapes, the mitotic inhibitor Frü hstart, and the nucleocytoplasmic ratio. We propose that activation of zygotic gene expression is the trigger that determines the timely and concerted cell-cycle pause and cellularization.
Results and Discussion
Embryos from germline clones of the lethal mutation X161 (in the following, designated as mutant embryos) showed a reduced cell number but otherwise developed apparently normally until at least gastrulation stage (Figures 1A and 1B; 24 of 61 embryos). Cell specification along the anterior-posterior and dorsoventral axes proceeded as in wild-type, as demonstrated by the seven stripes of eve expression, mesoderm invagination, and cephalic furrow formation. The reduced cell number can be due to a lower number of nuclear divisions prior to cellularization or to loss of nuclei in the blastoderm. To distinguish these possibilities, we performed time-lapse recordings of mutant embryos in comparision to wild-type ( Figure 1C and Table 1 ). To measure the cell-cycle length, we fluorescently labeled the nuclei in these embryos. We observed three types of embryos: (1) with 13 nuclear divisions with an extended interphase 13 (28 min versus 21 min in wild-type), (2) with 12 nuclear divisions, and (3) with partly 12 and partly 13 nuclear divisions with an extended interphase 13. Because we did not observe a severe nuclear fallout phenotype, we conclude that the reduced cell number in gastrulating embryos is due to the reduced number of nuclear divisions. Consistent with these observations, the number of centromeres and centrosomes was normal in mutant embryos (see Figure S1 available online).
In wild-type embryos, interphase 14 is different from the preceeding interphases, in that the plasma membrane invaginates to enclose the individual nuclei into cells. In X161 embryos with patches in nuclear density, furrow markers showed more advanced furrows in the part with a lower number of divisions, indicating a premature onset of cellularization ( Figure 1D ). Furthermore, in time-lapse recordings, we first measured the speed of membrane invagination, finding no obvious difference between X161 and wild-type embryos ( Figure S1 ). Additionally, we investigated cellularization by live imaging with moesin-GFP labeling F-actin ( Figure 1E ). Clear accumulation of F-actin at the furrow canals was observed in wild-type embryos after about 20 min in interphase 14, but not in interphase 13. In X161 embryos with 12 nuclear divisions, we observed a comparable reorganization already in interphase 13 after about 25 min. This analysis shows that both the cellcycle pause and cellularization are initated in X161 embryos earlier than in wild-type embryos.
To identify the mutated gene in X161, we mapped the lethality and blastoderm phenotype ( Figure S2 ). The X161 gene was separated from associated mutations on the chromosome by meiotic recombination and mapped to a region of four genes by complementation analysis with duplications and deficiencies. Sequencing of the mapped region and complementation tests with two independent RPII215 lossof-function alleles, RPII215 [1] and RPII215[G0040] [16, 17] , and a transgene comprising the RPII215 locus revealed the large subunit of the RNA polymerase II as the mutated gene. We identified a single point mutation in the 3 0 UTR of RPII215 about 40 nt downstream of the stop codon. This region in the 3 0 UTR is not conserved and does not show any obvious motifs ( Figure S2 ).
To test whether the mutation in the noncoding region affects transcript or protein expression, we quantified mRNA levels by reverse transcription and quantitative PCR and protein levels by whole-mount staining and immunoblotting with extracts of manually staged embryos. We found that mRNA levels were not different in wild-type and X161 ( Figure 2A and Table  S1 ). In contrast, immunohistology and immunoblotting revealed reduced RPII215 protein levels ( Figures 2B and 2C ). In summary, our analysis shows that the X161 point mutation within the 3 0 UTR affects mainly RPII215 protein levels. The precocious onset of cellularization raised the hypothesis that the timing of zygotic gene expression may be affected in the X161 embryos. To establish the expression profiles of selected maternal and zygotic genes, we employed nCounter NanoString technology [18] with embryos staged by the nuclear division cycle ( Figure S3 and Table S2 ). Embryos expressing histone 2Av-RFP were manually selected 3 min after anaphase of the previous mitosis or at midcellularization. We first analyzed expression of ribosomal proteins ( Figure S3 ).
*Correspondence: jgrossh@gwdg.de They did not change much and were not different in wild-type and mutant embryos, confirming the robustness of the method. Zygotic genes, whose expression strongly increases during the syncytial cycles, showed an earlier upregulation in X161 than in wild-type embryos ( Figure 3A ). Comparing the profiles by plotting the ratio of the expression levels (Figure 3B ), we revealed a clear difference in cycle 12, with a factor of up to ten, indicating that zygotic genes are precociously expressed in X161 embryos. The premature expression of early zygotic genes was confirmed by whole-mount in situ hybridization for slam and frs mRNA ( Figure S4 ).
Next, we analyzed expression profiles of RNAs subject to RNA degradation. We selected transcripts representative for the two classes of degradation, depending on zygotic gene expression ( Figure 3C ), and on egg activation ( Figure S3 ) [19] [20] [21] [22] [23] . Degradation of string, twine, and smaug transcripts in interphase 14 depends of zygotic gene expression. In X161 mutants, the mRNA of these three genes was degraded already in cycle 13, slightly sooner than in wild-type ( Figure 3C ). The profiles of string and twine RNA were confirmed by RNA in situ hybridization ( Figure S4 ). Consistent with the precocious RNA degradation in X161, Twine and String protein levels decreased already in interphase 13 of X161 embryos ( Figure 3D ). Finally, we analyzed the profile of mRNAs whose degradation depends on egg activation ( Figure S4 ). We did not detect a consistent pattern and a clear difference between the profiles of wild-type and X161 mutants. Our data show that zygotic gene expression stars earlier in X161 than in wild-type and that degradation of mRNAs follows zygotic gene expression.
The cell cycle may be paused prematurely by altered levels of maternal factors, such as CyclinB, grapes, and twine, or by precociously expressed zygotic genes, such as frs and trbl [14, 15, 24] . To distinguish these two options, we analyzed mutant embryos with suppresed zygotic gene expression ( Figures 4A  and 4B ). Embryos injected with the RNA polymerase II inhibitor a-amanitin develop until mitosis 13 but then fail to cellularize and may undergo an additional nuclear division, depending on injection conditions [10, 25] . Using this assay, we tested whether zygotic genes are required for the reduced number of nuclear divisions in X161 mutants. If the precocious cellcycle pause were due, for example, to reduced levels of CyclinB mRNA, a-amanitin injection should not change the reduced number of divisions. We observed that all injected mutant embryos passed through at least 13 nuclear divisions, similar to injected wild-type embryos, whereas injection of water resulted in a mixed phenotype of 12 and 13 nuclear divisions, comparable to uninjected X161 embryos ( Figure 4B and Table 2 ). This experiment demonstrates that the reduced division number in X161 embryos requires zygotic gene expression.
The expression of many early zygotic genes is controlled by the zinc-finger protein Vfl (also called Zelda) [13] . We tested whether the precocious cell-cycle pause in X161 mutants is mediated by vfl-dependent genes. Analysis of X161 vfl double-mutant embryos revealed that, in contrast to X161 mutants, the cell cycle undergoes at least 13 divisions (Table 2) . We further analyzed activation of zygotic gene expression by staining for Vfl and activated RPII215 ( Figure S1 ). We detected staining of both in presyncytial stages of X161 mutants already in cycle 5. No specific staining for the activated RPII215 was detected in X161 vfl double-mutant embryos, and no difference in Vfl staining in syncytial embryos was detected in wild-type and X161 embryos ( Figure S1 ). These findings show that the genes relevant for the precocious cell-cycle pause in X161 mutants are vfl target genes.
A zygotic gene involved in cell-cycle control is frs, which is sufficient to induce a pause of the cell cycle [15, 24] . Analysis of X161 frs double-mutant embryos showed, however, that the number of nuclear divisions was not changed as compared to X161 single mutants (Table 2 ). This indicates that frs is not the only cell-cycle inhibitor expressed in the early embryo.
Proteins mediating the DNA repair checkpoint, such as Grapes/Chk1, are required for the cell-cycle pause [2] [3] [4] [5] [6] [7] [8] . Passing normally through the nuclear division cycles, the cell cycle shows striking abnormalities in nuclear envelope formation and chromosome condensation in interphase 14 in embryos from grapes females. We tested whether the timing of the transition in cell-cycle behavior in grapes embryos depends on the onset of zygotic transcription by analyzing X161 grapes double-mutant embryos ( Figure 4D and Table 2 ). We found that some of the X161 grapes double mutants showed the defects in nuclear envelope formation and chromatin condensation already in interphase 13, indicating that the requirement of grapes for chromatin structure shifted from interphase 14 to 13. These data suggest that the activation of grapes and the DNA checkpoint depends on the onset of zygotic gene expression. A factor controlling the number of nuclear divisions is the ploidy of the embryo, given that haploid embryos undergo 14 instead of 13 nuclear divisions prior to cellularization [1, 26] . Based on this and on related observations, it has been proposed that the nucleocytoplasmic (N/C) ratio controls the trigger for MBT. To address the functional relationship of X161 and the N/C ratio, we analyzed haploid X161 embryos ( Figure 4E and Table 2 ). We observed a mixture in the number of nuclear divisions between 12 and 14 in fixed embryos. We even observed embryos containing three patches with nuclear densities corresponding to 12, 13, and 14 nuclear divisions ( Figures 4F and 4G ). About half of the embryos underwent 12 nuclear divisions, similar to X161 embryos. These data suggest that ploidy acts independently of general onset of zygotic transcription, which is consistent with the observation that only a subset of zygotic genes are expressed with a delay in haploid embryos [27] . Consistent with this report, cellularization starts for a first time temporarily in interphase 14 in haploid embryos and for a second time in interphase 15. These observations suggest that the N/C ratio in Drosophila specifically affects cell-cycle regulators such as frs, for example, but not general zygotic genome activation and onset of cellularization.
In summary, our data support the model that activation of the zygotic genome controls the timing of the MBT. First, onset of MBT is sensitive to changes in RNA polymerase II activity. Second, the changes in zygotic gene expression in X161 embryos occur earlier than the changes in zygotic RNA degradation, Cdc25 protein destabilization, or activation of grapes. Third, the X161 mutant phenotype depends on zygotic transcription and on the transcription factor Vfl, showing that the precocious cell-cycle pause and onset of cellularization cannot be due to changes in maternal factors, such as higher expression of CyclinB. Although the altered levels of RNA polymerase II in X161 mutants probably affect expression of many genes during oogenesis, these changes seem not to matter in functional terms, given the overall normal morphology and specific mutant phenotype. It is conceivable that transcriptional repressors are expressed or translated in eggs in lower levels. In the embryo, such lower levels of repressors would allow the trigger for onset of zygotic gene expression to reach the threshold earlier than in wild-type embryos. The first signs of zygotic transcription are detected already during the presyncytial stages, before nuclear cycle 8/9. This may be the time when the trigger for MBT is activated.
Experimental Procedures
Genetic markers, strains, and genome annotation were according to Flybase (http://flybase.org). X161 was selected from a set of mutations in germline clones with defects in oogenesis and early embryogenesis [28] . Microinjection, RT-PCR, protein analysis, histological procedures, and live imaging were essentially as previously described [29] [30] [31] . Gene expression levels in embryos manually staged by the nuclear division was determined by NanoString technology [18] . 
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